ABSTRACT
mm thick with various widths and crack lengths.
A global constraint I factor eg, an averaged-normal-stress-to-flow-stress ratio over the plastic region, was defined to simulate three-dimensional (3D) effects in twodimensional (2D) models. For crack lengths and uncracked ligament lengths greater than four times the thickness, the global constraint factor was found to be nearly a unique function of a normalized stress-intensity factor (related to plastic-zone-size-to-thickness ratio) from small-to large-scale yielding conditions for various specimen types and thickness.
For crack-length-to-thickness ratios less than four, the global constraint factor was specimen type, crack length and thickness dependent. Using a 2D strip-yield model and the global constraint factors, plastic-zone sizes and crack-tip displacements agreed reasonably well with the 3D analyses.
For a thin sheet aluminum alloy, the critical crack-tip-opening angle during stable tearing was found to be independent of specimen type and crack length for crack-length-to-thickness ratios greater than 4. conducted to establish the influence of crack configuration, thickness, crack length, applied stress level and material stress-strain properties on crack-front stresses, deformations, and constraint for standard laboratory specimens and structural components. Because of the complex stress fields, such studies must be conducted using 3D numerical stress analyses. From these analyses, expressions characterizing constraint need to be developed. Given a body with a through-the-thickness crack, equations need to be developed which express the crack-front constraint as a function of crack configuration, loading, and material properties as Constraint = f(c, w, B, S, E, oo, n)
(1)
These expressions may be used to characterize fatigue-crack growth and fracture under various constraint conditions or they may be used in 2D models, such as the modified Dugdale model, to correlate and predict fatigue-crack growth [17] and fracture [19] . For use in 2D crack models, an averaged-through-the-thickness constraint factor may be required.
The objective of this paper is to present 3D elastic-plastic, Plane-strain conditions were also imposed on some finite-element models to show limiting conditions. The material was assumed to be elasticperfectly plastic with properties typical of a high-strength aluminum alloy.
The modulus of elasticity (E) was 70,000 MPa, the uniaxial flow stress (ao) was 500 MPa, and Poisson's ratio (v) was 0.3. The finiteelement models were subjected to either monotonic or constant-K loading.
Under monotonic loading, the crack front was held stationary, but under constant-K loading the crack front was grown uniformly through the thickness by one element size at a time until the desired crack extension was achieved. The stress-intensity factor solutions were obtained from reference 20. Crack extension under constant-K loading was modeled by a nodal-release 
FINITE-ELEMENT ANALYSES
where p* is the plastic-zone size, _ is measured from the physical crack tip, and m was selected to be 0.3 to give a nonlinear stress distribution.
In the strip-yield analysis, the plastic zone was divided into a number of segments with a constant stress acting over each segment.
The peak stress at the crack tip was 3; and the stresses dropped rapidly and approached unity at the end of the plastic zone. The average constraint factor from equation ( Results for ag = 3 underestimated both the crack-surface displacements and plastic-zone size (p = 0.2#*). An eg value of 1.8 was selected to match local crack-surface displacements but the plastic-zone size was still underestimated by a factor of 2, as shown in from the plane-strain analyses appear to indicate upper limit solutions.
The dash-dot line at ag = i denotes a lower limit condition. For thicknesses less than 5 mm for the 40-mm wide specimens and thicknesses less than 20 mm for the 160-mm wide specimens (that is, c/B _ 4}, the ag values were nearly independent of specimen type and showed the same variation with normalized K. For thicker plates, the M(T) specimen gave lower constraint factors than the DE(T) and SE(B) specimens. All curves, except for the plane-strain bend specimen, show a loss in global constraint as the applied K level (or equivalently the plastic-zone size)
increases.
The plane-strain solutions showed a much slower constraint loss with increasing K level. For a given K level, the thinner specimens gave the lowest constraint factors.
Results for all specimen thicknesses tended to approach nearly the same constraint level (about 1.15) as largescale yielding conditions were reached. The rapid loss of constraint at K/(ooJW} equal to about 0.9 for the plane-strain M(T) specimen was caused by the plastic region extending across the uncracked ligament. The flow stress used for these calculations was 500 MPa. Other calculations made with o o equal to 300 and 700 MPa for various thicknesses and the same width (not shown) demonstrated that the normalized stress-intensity factor K/(ooJW ) was able to collapse the results onto the same curves.
Because the global constraint factors were found to be nearly independent of specimen type for the thinner materials, as shown in 
Plastic-Zone Sizes
The variation of the plastic-zone size through the thickness of a thin sheet and a thick plate M(T) specimen are shown in Figures  12 and ] The curves in Figure  14 show the calculated plastic-zone sizes from the HDH[17] using values of the global constraint factor, ag, of 1 and 3.
These calculations tend to bound the plastic-zone sizes on the upper limit Some differences were observed for the thick specimen for K/(doJW ) greater than 0.7. The upper and lower dotted curves in Figure 15 show the calculations from the MDM for _ -] and 3, the limiting conditions. At This specimen has a stress-intensity factor solution similar to a cracked stiffened panel.
All specimens were made of 2024-T3 aluminum alloy sheet material (B -2.3 mm).
The critical CTOA values measured on these specimens are shown in (6) For a thin sheet aluminum alloy, the critical crack-tip-opening angle (CTOA) is constant and is independent of specimen type after a small amount of crack extension (c/B and b/B ratios greater than 4).
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FIG. l--Specimen types analyzed for finite-thickness plates. 
